Convergent research suggests that childhood poverty is associated with perturbation in the stress response system. This might extend to aberrations in the connectivity of large-scale brain networks, which subserve key cognitive and emotional functions. Resting-state brain activity was measured in adults with a documented history of childhood poverty (n ¼ 26) and matched controls from middle-income families (n ¼ 26). Participants also underwent a standard laboratory social stress test and provided saliva samples for cortisol assay. Childhood poverty was associated with reduced default mode network (DMN) connectivity. This, in turn, was associated with higher cortisol levels in anticipation of social stress. These results suggest a possible brain basis for exaggerated stress sensitivity in low-income individuals. Alterations in DMN may be associated with less efficient cognitive processing or greater risk for development of stress-related psychopathology among individuals who experienced the adversity of chronic childhood poverty.
INTRODUCTION
Childhood poverty is a pervasive problem, with nearly one in four children in the United States currently living below the poverty line (Addy et al, 2011) . Children in poverty are subjected to higher levels of multiple psychological and physical stressors, including family disruption, unresponsive parenting, community violence, and exposure to harsh physical environments (for a review, see Evans, 2004) . These early-life stressors are associated with poorer physical and mental health in adulthood (Matthews and Gallo, 2011; Shonkoff et al, 2009) . However, the effects of early childhood poverty on adult brain functioning have not yet been elucidated.
Growing evidence suggests that poverty impacts multiple biological mechanisms, including hypothalamic-pituitaryadrenal (HPA) axis function (Evans et al, 2012; Miller et al, 2009) . One method for assessing HPA axis function is the Trier Social Stress Test (TSST), a standard social challenge protocol that reliably activates the HPA axis leading to a robust increase in glucocorticoid levels including cortisol, the hormonal end-product of the HPA axis (Kirschbaum et al, 1993) . Low socioeconomic status (SES) is associated with greater cortisol increase (or cortisol reactivity) in response to TSST in boys (Hackman et al, 2012; Harkness et al, 2011) . Lower income is also associated with greater cortisol reactivity among children in response to other laboratory stressors or challenges such as the cold pressor task and neuropsychological testing batteries (Blair et al, 2005; Gump et al, 2009) . Thus, childhood poverty may increase the risk for physiological reactivity to stress.
In addition to conferring risk for HPA axis abnormalities, low SES in early life may disrupt functioning in individual brain regions associated with emotion and threat processing, potentially through abnormally elevated glucocorticoid levels. In rodents, chronic stress affects the morphology of the hippocampus, amygdala, and prefrontal cortex in a manner that is consistent with heightened stress sensitivity (see McEwen and Gianaros, 2011) . Similar effects on brain structure may also be present in humans. Lower childhood SES has been linked to reduced hippocampal volume both during childhood (Hanson et al, 2011) and into adulthood (Staff et al, 2012) . Lower early-life SES is also associated with reduced anterior cingulate cortex (ACC) and caudate volume in adults (Cohen et al, 2006) . The effects of SES have also been demonstrated in brain activation studies. In children, low SES is associated with greater reactivity to emotion-related stimuli in amygdala, dorsal medial prefrontal cortex (dmPFC), and right middle frontal gyrus (Muscatell et al, 2012; Sheridan et al, 2012) . In adults, low childhood SES is linked to reduced activation in insula, fusiform gyrus, ACC, posterior cingulate cortex (PCC), caudate, pons, and hippocampus (Silverman et al, 2009) . Furthermore, lower perceived social standing correlates with both reduced gray-matter volume in perigenual ACC (Gianaros et al, 2007) and increased amygdala reactivity to social threat-related stimuli (Gianaros et al, 2008) . Thus, low childhood SES may confer lasting effects on brain structure and function. However, these studies lack clarity about whether such cortical alterations could underlie elevated stress reactivity among persons growing up in poverty.
While prior research has emphasized the contribution of individual brain regions (eg, hippocampus and amygdala) affected by childhood poverty, there is a paucity of data on the functional connectivity of large-scale networks, which is the focus of the current report. There is growing recognition that higher order cognitive and emotional functions depend on networks of distributed brain regions, rather than single regions in isolation. Large-scale intrinsic connectivity networks are distributed, functionally coherent regions that are identified by connectivity methods. These networks interact to coordinate complex behavior and cognitive function, and disruptions in these networks can serve as neural signatures of stress-related psychopathology (Menon, 2011) . Some of the key brain networks for which SES may affect functional connectivity are the default mode network (DMN; which includes dmPFC, hippocampus, and PCC) (Menon, 2011; Seeley et al, 2007; Spreng et al, 2009) and the salience network (SN; which includes dorsal ACC, amygdala, and anterior insula). Preliminary evidence linking SES to network function has emerged from reports that perceptions of relative social status may relate to DMN connectivity (Muscatell et al, 2012) , and that childhood maltreatment may be associated with intrinsic connectivity network abnormalities in adulthood (Elton et al, 2014; Wang et al, 2013) . However, no previous studies have investigated the link between large-scale networks and childhood poverty, which may have long-term effects that are separable from those related to childhood maltreatment. Though childhood maltreatment is more common among families living in poverty (Sedlak et al, 2010) , childhood poverty and the multiple factors associated with it (eg, environmental stress, nutrition, parenting styles, and schooling) may have long-lasting effects on brain function, even in the absence of childhood maltreatment.
In turn, the connectivity of these large-scale networks is associated with HPA axis function. For example, SN connectivity is related to greater HPA axis responsivity to aversive stimuli, and pharmacologically dampening adrenergic activity reduces functional connectivity strength (Hermans et al, 2011) . Since previous studies of low-income children and adults have reported aberrant activity in brain regions associated with DMN and SN, we hypothesized that a history of childhood poverty would affect DMN and SN functional connectivity in adulthood. Since investigations with this population have also reported alterations in stress response, and since stress response and HPA axis function are linked to large-scale network function, we also hypothesized that individual stress response to TSST challenge would be associated with alterations in DMN and SN. A focus on these two networks was also motivated by the fact that stressors related to SES (including perceived social status and childhood maltreatment) relate to alterations in DMN and SN (Elton et al, 2014; Muscatell et al, 2012) . To investigate whether childhood poverty is prospectively associated with adult neural function, independent of current adult income, we controlled for adult income in all our analyses.
MATERIALS AND METHODS

Participants
The participants for this study were part of a longitudinal study of rural poverty and child development. The original sample (mean age ¼ 9.18 years) was recruited in rural counties in upstate New York using records from public schools, the Cooperative Extension System of the US Department of Agriculture, the federal Head Start program, subsidized housing, and other antipoverty programs. Fiftytwo of these participants with no MRI contraindications (eg, metallic/ferrous materials in their body), no prior or current treatment for any psychiatric disorder (as assessed via clinician-conducted psychiatric evaluation based on the Structured Clinical Interview for DSM-IV (First et al, 2002) , and no current neurological condition were enrolled. We selected participants without any history of psychiatric treatment to more precisely study the effects of childhood poverty on adult brain function, without the potential confounds associated with psychiatric illness. Twenty-six of the participants were from low-income backgrounds at age 9 and 26 were from families with incomes of two to four times the poverty line. Demographic information can be found in Table 1 . Details about the participants are reported in Supplementary Methods in the Supplementary Material 
Trier Social Stress Test
The TSST is a social evaluative threat task that reliably activates the HPA axis and causes a robust increase in serum glucocorticoid concentration (Kirschbaum et al, 1993) . It combines a mock job application speech with a cognitively challenging mental arithmetic task, performed in front of an audience structured to create high demand characteristics and low feedback. Further details can be found in Supplementary Methods.
Salivary Cortisol
To measure salivary cortisol, participants were asked to provide saliva samples immediately before the TSST, immediately after the TSST, 15 min after the TSST, and 1.5 h after the TSST. The TSST lasted 15 min; thus, the second saliva sample was collected 15 min after the first sample. Salivary cortisol levels were determined by chemiluminescent enzyme immunoassay (IMMULITE) according to the manufacturer's directions (Siemens Healthcare Diagnostics, Tarrytown, NY).
Self-Report Measures
Participants were administered the Perceived Stress Scale, a 10-item measure of the degree to which situations in one's life are appraised as stressful (Cohen et al, 1983) . Items are rated on a scale of 0 ('Never') to 4 ('Very Often'). The Perceived Stress Scale has good internal consistency and test-retest reliability (Cohen et al, 1983) , and is a widely used measure of subjective stress.
MRI Data
Participants underwent structural (sMRI) and functional (fMRI) scanning that included emotion regulation tasks (Kim et al, 2013; Sripada et al, 2013) and resting-state procedures. MRI scanning occurred on a Philips 3.0 Tesla Achieva X-series MRI (Philips Medical Systems) using a standard 8-channel SENSE head coil. A standard series of processing steps was performed using statistical parametric mapping (SPM8; www.fil.ion.ucl.ac.uk/spm). Additional information about fMRI acquisition and processing parameters can be found in the Supplementary Methods.
Data Analysis
Based on a meta-analysis of DMN studies (Spreng et al, 2009 ), a 5-mm-radius sphere seed region was placed in the PCC (MNI: À 7, À 51,31). For SN, a 5-mm-radius sphere was placed in dorsal ACC/supplementary motor area (SMA) (MNI: 8, 12, 50) . This point represents the peak of the cluster with highest negative Z-value obtained from the DMN connectivity map in the supergroup of low-and middleincome participants combined, and was selected to provide maximal contrast with DMN connectivity. Functional connectivity analysis was performed using the ConnTool package developed by author RCW. We extracted the spatially averaged time series from PCC and dorsal ACC/ SMA (dACC/SMA) seeds for each participant. Next, linear detrending was performed, followed by nuisance regression.
Covariates of no interest included six motion regressors generated from the realignment step noted above, as well as their first derivatives. In addition, we included five principal components of the BOLD time series extracted from whitematter and cerebrospinal fluid masks, which has been demonstrated to effectively remove signals derived from the cardiac and respiratory cycle (Behzadi et al, 2007) . In generating the white-matter and cerebrospinal fluid regressors, subject-specific masks were first created using VBMbased segmentation implemented in SPM8. To eliminate border regions of potentially ambiguous tissue-type, whitematter and CSF masks were eroded with an FSL tool (fslmaths) to ensure that no gray matter was included in the masks. The erosion was performed by removing the outermost layer of voxels (ie, any 1 voxel touching a 0 voxel in the mask). The white-matter mask was eroded two times, while the CSF mask was only eroded once. A spatially averaged time series was extracted from these masks, and the first five principal components were included in the regression. The residuals from this regression were then retained for further analysis. Since resting-state functional connectivity measures low-frequency spontaneous BOLD oscillations (0.01-0.10 Hz band) (Fox et al, 2005) , the time course for each voxel was band-pass filtered in this range. Next, motion scrubbing was performed. During motion scrubbing, individual frames with excessive head motion were censored from the time series, following Power et al (2012) . The target high motion frame, but not those flanking it, was removed in accordance with the findings of Satterthwaite et al (2013) . Participants with 460% of their frames removed by scrubbing were excluded from further analysis, as justified by the findings of Fair et al (2012) . Additional information can be found in the Supplementary Methods. Pearson product-moment correlation coefficients were calculated between average time courses in the seed regions of interest (ROIs) and all other voxels of the brain, resulting in a 3-dimensional correlation coefficient image (r-image). These r-images were then transformed to z-scores using the Fisher r-to-z transformation.
Whole Brain and ROI Analysis
Z-score images from the individual activation maps were entered into second-level random-effect analyses implemented in SPM8. Low-and middle childhood-income groups were compared via independent samples t-tests, with age and subject-specific motion added as covariates. Current income was significantly greater in the childhood middle-income group than the childhood low-income group (t ¼ 3.39, p ¼ 0.002); thus, current income was also added as a covariate. Single-group maps were corrected for multiple comparisons using whole-brain family-wise error correction, po0.001. For the two-group comparisons, we additionally implemented an ROI analysis with small volume correction (SVC) with a priori brain areas identified as key components of DMN (PCC, hippocampus, and vmPFC) and SN (anterior insula, amygdala, and SMA) (Menon, 2011; Spreng et al, 2009 
RESULTS
Motion and Physiological Variables
There were no movements greater than 3 mm or 3 degrees and no motion differences between low and mid-income groups in mean displacement (p40.5), mean angle (p40.5), max displacement (p40.07), or max angle (p40.6). There were no group differences in heart rate (p40.5) or respiration (p40.3).
FMRI Results
Results of single group t-tests can be found in Supplementary Tables S1 and S2 . PCC seed connectivity was consistent with published work on DMN (Menon, 2011; Qin and Northoff, 2011; Spreng et al, 2009; Toro et al, 2008) , and dACC/SMA seed connectivity was consistent with SN (Menon, 2011; Seeley et al, 2007) .
DMN Connectivity
Controlling for age and current income, the childhood (age 9) low-income group demonstrated weaker DMN connectivity. Compared with middle-income participants, low-income participants showed reduced PCC to hippocampus connectivity (see Table 2 ; Figure 1 ). Childhood income was positively correlated with PCC to hippocampus connectivity, PCC to PCC connectivity, and PCC to vmPFC connectivity. Furthermore, the proportion of life lived in poverty between birth and age 9 was negatively correlated with PCC to hippocampus connectivity, PCC to PCC connectivity, and PCC to vmPFC connectivity. None of these regions showed a significant effect in relation to current income.
SN Connectivity
There were no differences in SN connectivity between low-and middle-income groups. Childhood income was negatively correlated with dACC/SMA to SMA connectivity (see Table 2 ).
Correlations with Cortisol Response to TSST
Overall, there were no group differences found in cortisol response to TSST, suggesting a comparable level of stress axis activation in low-and middle-income participants on a group level. However, pre-TSST cortisol levels were greater in the childhood low-income group than in the middle-income group (t ¼ 3.14, p ¼ 0.003). Collapsing across groups, lower connectivity within PCC was associated with higher pre-TSST cortisol (r ¼ À 0.299, p ¼ 0.049), indicating that reduced within-DMN coupling was associated with higher cortisol in anticipation of social stress. Childhood poverty and large-scale brain networks RK Sripada et al
DISCUSSION
In this study, we investigated the effects of childhood poverty on adult resting-state functional brain connectivity and HPA axis reactivity. Individuals from low-income backgrounds demonstrated reduced DMN connectivity, while demonstrating comparable peripheral level HPA axis response to social stress. These correlates of childhood poverty were independent of adult income levels, suggesting that early financial status may relate to brain function in adulthood, irrespective of subsequent social and economic mobility. Reduced DMN was in turn associated with higher cortisol levels in anticipation of social stress. Our results identify altered connectivity in large-scale networks as a possible mechanism of exaggerated stress sensitivity in individuals growing up in poverty.
Our results suggest that childhood poverty is associated with reduced network connectivity in the DMN, a network associated with stimulus-independent, internally focused thought, including spontaneous cognition, autobiographical memory, prospection, and mind-wandering (Menon, 2011; Qin and Northoff, 2011; Spreng et al, 2009; Toro et al, 2008) . Specifically, we found that childhood income predicted reduced connectivity within PCC, reduced connectivity between PCC and hippocampus, and reduced connectivity between PCC and vmPFC. Though few researchers have investigated the relationship between SES and PCC, one study showed that low SES was associated with reduced PCC activation to positive stimuli (Silverman et al, 2009 ). In addition to reduced connectivity within PCC, individuals with a history of childhood poverty showed reduced DMN connectivity to vmPFC. Previous reports indicate that that lower perceived social standing correlates with reduced gray-matter volume in ACC/vmPFC (Gianaros et al, 2007) , and that low childhood SES is linked to reduced activation in ACC/vmPFC in adulthood (Silverman et al, 2009 ). Thus, individuals from low-SES backgrounds may recruit these regions to a lesser extent across a variety of contexts.
We also found reduced connectivity in the low-income group between PCC and hippocampus. Hippocampal abnormalities have been robustly linked to SES. For instance, one study reported that low childhood SES predicted smaller hippocampal size in a sample of 249 older adults, after controlling for gender, education, mental ability at age 11, and adult SES (Staff et al, 2012) . Another study noted that financial hardship (but not childhood poverty) reduced hippocampal volume in middle-aged adults (Butterworth et al, 2012) . Decreased connectivity between hippocampus and PCC has also been associated with heightened anxiety in individuals with posttraumatic stress disorder (Chen and Etkin, 2013; Sripada et al, 2012) . However, one study of healthy adolescents found that reduced connectivity between hippocampus and DMN was associated with reduced anxiety and cortisol output in the scanner, as well as reduced cortisol during TSST (Thomason et al, 2013) . In our sample, reduced functional connectivity within PCC was associated with greater cortisol output in anticipation of social stress, potentially indicating that reduced coupling within DMN is related to greater HPA reactivity. Discrepancies in findings may be due to differences in methodology, or potentially may be partially attributable to maturational changes in DMN structure across the lifespan. Functional integration of DMN increases with age, which might explain divergent results in adolescent and adult samples (Fair et al, 2008) .
Though few studies have investigated the relation between DMN and SES, one study reported that perceptions of social status related to DMN activity while encoding social information, such that greater DMN activity was related to lower perceived social status (Muscatell et al, 2012) . Thus, the relation between DMN and SES may depend on the task being performed and on the way SES is assessed. Future studies are needed to further illuminate this link. DMN is typically active during task-free contexts such as the resting state (Menon, 2011) , and we have previously reported that reduced DMN connectivity during rest is associated with heightened anxiety (Sripada et al, 2012) . Thus, reduced resting-state DMN connectivity in adults from low-income backgrounds may represent a risk factor for the development of stress sensitivity and anxiety psychopathology
In the current study, we also investigated the relation between childhood poverty and cortisol response to social stress, as assessed via the TSST. While the childhood lowincome group demonstrated greater cortisol levels immediately before TSST, there were no significant differences in TSST-induced stress activation between low-and middleincome groups. Though our finding of comparable HPA activation across groups may seem counterintuitive, in fact, collective TSST investigations demonstrate a stronger link between SES and cortisol reactivity in childhood than in adulthood. In children, neighborhood disadvantage is associated with greater cortisol reactivity during TSST (Hackman et al, 2012; Harkness et al, 2011) . Lower income is also associated with greater cortisol reactivity to lab stressors (Blair et al, 2005; Gump et al, 2009) . In adults, one study found that low early-life SES was associated with increased daily cortisol output in adulthood (Miller et al, 2009) . However, the collected findings on cortisol and adult SES are inconsistent. SES may have no effect on or may in fact diminish cortisol reactivity to stress in adults (Dowd et al, 2009 ). This mirrors our own finding that cortisol response to TSST did not vary systematically as a function of childhood income. We did, however, find that cortisol levels immediately before TSST were greater in individuals with a history of childhood poverty. Thus, it is possible that individuals with a history of poverty show greater HPA activation in anticipation of stress or in response to novel experimental contexts, rather than in response to acute social stress.
Contrary to our hypothesis, we did not find connectivity differences in SN. Previous findings suggest that low SES is associated with reduced activation in the insula and ACC (Silverman et al, 2009 ). In addition, healthy adults with a history of adverse childhood events exhibit reduced ACC volume (Cohen et al, 2006) . Thus, we predicted that individuals from low-income backgrounds would exhibit alterations in SN connectivity. However, our results did not support this hypothesis. Of note, we also did not find connectivity differences with the amygdala, an SN region of particular interest. Previous research indicates SES-related differences in amygdala morphology and activation. Financial hardship reduces amygdala volume in middle-aged adults (Butterworth et al, 2012) , and lower socioeconomic position (as measured by subjective parental socioeconomic position) is associated with increased amygdala reactivity to angry/threatening facial expressions in young adulthood (Gianaros et al, 2008) . Based on these previous studies, we hypothesized, though ultimately did not find, that low-SES individuals would show aberrant amygdala functional connectivity. One potential reason for these negative findings is that the resting state may not be the best probe of SN function. The SN is active during homeostatic regulation, interoceptive, autonomic, and reward processing (Cauda et al, 2011; Dosenbach et al, 2007; Seeley et al, 2007; Sridharan et al, 2008) , thus differential SN functioning may not be as easy to discern during rest. Indeed, the active fMRI tasks from the parent study have revealed amygdala differences between groups (Kim et al, 2013) , suggesting that certain tasks may be more effective in eliciting differential activation in SN than the task-free resting state. Additionally, previous studies revealing amygdala differences, such as Gianaros et al, 2008 , used retrospective measures of perceived social inequality, whereas we used prospective measures of income. These methodological differences may also have contributed to the differences in obtained results.
Though we found evidence of DMN and HPA axis differences between low-and middle-income groups, it is important to note that the observed findings need not represent pathology, and in fact could be adaptive for low-SES individuals. This is posited by Chen and Miller's 'Shiftand-Persist' model , in which the 'shift' involves adjusting to the environment through cognitive reappraisal of stressors and through emotion regulation, and 'persist' involves maintaining fortitude by holding onto hopes for the future (Chen and Miller, 2012a) . Among a sample of 1207 adults, those with low-SES childhoods who scored high on shiftand-persist strategies had the lowest allostatic load, calculated as the sum of seven physiological system risk indices (sympathetic nervous system, parasympathetic nervous system, HPA axis, cardiovascular, glucose metabolism, lipid metabolism, and inflammation). This strategy had no benefit for adults with high-SES childhoods (Chen et al, 2012b) . Thus, it is possible that the observed alterations in DMN connectivity or HPA axis reactivity could in fact reflect the physiological correlates of a shift-and-persist strategy. For instance, greater cortisol release in anticipation of social stress could reflect the 'shift' strategy of controlling and adjusting the self when dealing with stress, and thus could be considered as a coping mechanism in this setting. More longitudinal studies are needed to investigate this hypothesis.
The present results should be interpreted in light of the following limitations. Our sample size was relatively small, thus our results require replication. Many years transpired between childhood poverty and the subsequent measurements of brain function and stress reactivity. It is difficult to ascertain whether the reported between-group differences are due to childhood poverty alone or were also contributed to by other intervening influences that could have occurred differentially between the groups since childhood (eg, differing paths of education, marriage, and employment), or other intervening influences that could not be controlled for in this study (eg, incidences of childhood maltreatment, and environmental exposure during adolescence). For instance, childhood maltreatment occurs up to five times more frequently in low-SES families than in middle-SES families (Sedlak et al, 2010) ; however, it is still relatively uncommon (2.2% incidence) and unlikely to account for the reported findings. Controlling for differences in current income allowed us to control for present-day income-associated factors, but does not capture many of these developmental influences. Future work should explore underlying mechanisms that mediate the effects of childhood poverty on brain function and stress reactivity in adulthood.
In conclusion, we found that after controlling for current income, childhood poverty was associated with reduced within-DMN connectivity. These connectivity differences, in turn, were associated with higher cortisol levels in anticipation of social stress. Early childhood poverty may relate to alterations in resting brain function as well as greater peripheral stress reactivity. Future studies are needed to continue to elucidate the neural sequelae of childhood poverty to better understand its lasting neural effects and their relationship to functional outcomes.
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